Abstract. Heterocyclic amines (HCAs) are formed when meat products such as beef, chicken, pork and fish are cooked at high temperatures. The most abundant HCA found in the human diet is 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP). PhIP causes mammary carcinomas in female rats and mice, and is associated with an increased risk of developing colon, breast, and prostate cancer in humans. PhIP is metabolized by cytochrome P-450s producing N-OHPhIP. The N-OH-PhIP can be esterified by phase II enzymes forming an arylnitrenium ion that binds to DNA causing adducts. Furthermore, N-OH-PhIP may be reduced by cytochrome b5 reductase producing superoxide anions and hydroxyl radicals causing DNA strand breaks. Diallyl sulfide (DAS) has been shown to prevent cancer in several animal models, presumably by metabolic modulation. We hypothesize that PhIP produces reactive oxygen species causing DNA strand breaks and that DAS will inhibit the formation of PhIP induced DNA strand breaks. To test this hypothesis we treated normal breast epithelial (MCF-10A) cells with PhIP, DAS and a combination of PhIP and DAS. The detection of lipid peroxides was used as a surrogate for ROS. Lipid peroxides were detected using a PeroxiDetect kit (Sigma). PhIP increased the production of lipid peroxides and DAS decreased the PhIP-induced peroxidation by 47%. To determine if PhIP causes DNA strand breaks in MCF-10A cells, cells were treated for 3, 6, 9, and 24 h with PhIP (100 μM), DAS (100 μM) and a combination of PhIP (100 μM) and DAS (100 μM). DNA strand breaks were evaluated using the Comet assay. PhIP produced DNA strand breaks in a dose-and time-dependent fashion. We have shown that DAS inhibits PhIP-induced DNA strand breaks by inhibiting the production of reactive oxygen species. Therefore, we propose that DAS can prevent PhIP-induced breast cancer.
Introduction
Heterocyclic amines (HCAs) are formed when meat products such as beef, chicken, pork and fish are cooked at high temperatures. These amines cause colon, breast, and prostate cancer in rats (1) and liver, lung and forestomach cancer in mice (2) . Diet is recognized as an important risk factor in the development of human cancers. Epidemiological studies correlate meat intake and cooking practices with an increased risk of breast cancer (3, 4) .
PhIP (2-amino-1-methyl-6-phenylimidazo [4,5-b ] pyridine) at concentrations of 0.1-50 ng/g of cooked meat, is the most abundant HCA in the human diet (5, 6) . Furthermore, PhIP has been shown to produce tumors at multiple sites in both female and male rats and mice (2) . While PhIP causes cancer in many species, the proposed mechanism is the same. It has been demonstrated that PhIP is hydroxylated by several cytrochrome P450s (CYP1A1, CYP1A2, CYP1B1) to N-OHPhIP (7, 8) . N-OH-PhIP can be conjugated with either a sulfate or acetyl group. The resulting sulfate or acetyl conjugates are unstable and converted to a nutrenium ion that readily binds to DNA generating DNA adducts (9) . The N-OH-PhIP can also be reduced by cytochrome b5 resulting in the production of superoxide anions and hydroxyl radicals (10) .
Several studies have shown that people in Asian countries have a much lower risk of developing colon, gastrointestinal, prostate and breast cancer compared to their Western counterparts (3) . Dietary constituents such as garlic, ginger, soy, tomatoes and green tea play an important role in reducing the rate of cancer (11) . Diallyl sulfide (DAS) is a naturally occurring organosulfur compound, which is produced when garlic cloves are processed (12) . Metabolic modulation is a key mechanism by which DAS inhibits cancer (13) . DAS has been demonstrated to slightly induce the expression of cytochrome P450 2B1/2 (14) and induce the expression of phase II enzymes such as glutathione-Stransferase, UDP-Glucuronosyl transferase and superoxide dismutase (15, 16) .
We hypothesize that DAS will inhibit the production of reactive oxygen species (ROS) and DNA strand breaks. The inhibition of the production of PhIP-induced DNA strand breaks and ROS by DAS will help elucidate the mechanism by which DAS can prevent PhIP-induced breast cancer.
Materials and methods
Cell line, chemicals and reagents. Normal human breast epithelial (MCF-10A) cells were obtained from the American Type Culture Collection (Rockville, MD). Phenol red-free DMEM/F-12 (1:1 mix) media, horse serum, human insulin, epidermal growth factor, cholera toxin, penicillin/ streptomycin, TRIzol, trypsin/EDTA, normal melting point agarose, and low melting point agarose were all obtained from Invitrogen (Carlsbad, CA). Dimethylsulfoxide (DMSO), hydrocortisone, methanol, chloroform, 1% Triton X-100, PBS, NaOH, Trizma base, NaCl, Na 2 EDTA, ethanol, isopropanol, diethylpyrocarbonate (DEPC), diallyl sulfide (DAS) and the PeroxiDetect kit were purchased from Sigma (St. Louis, MO). Fully frosted microscope slides and cover glass were purchased from Fisher Scientific (Pittsburgh, PA). 2-Amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP) was purchased from Toronto Research Chemicals (Ontario, Canada).
Cell culture. We chose MCF-10A cells because they represent normal human breast epithelial cells and contain all of the machinery necessary to metabolize PhIP to reactive intermediates (17, 18) . MCF-10A cells were cultured in 175 cm 2 and 25 cm 2 flasks containing 1:1 mixure of phenol red-free DMEM/F-12 media supplemented with 5% horse serum, 10 μg/ml human insulin, 20 ng/ml epidermal growth factor, 100 ng/ml cholera toxin, 5% penicillin/streptomycin and 0.5 μg/ml hydrocortisone. Cells were grown at 37˚C in a humidified, 95% air to 5% CO 2 atmosphere. Subculture was performed biweekly using 0.5% trypsin-EDTA.
Lipid peroxidation. Lipid peroxidation was used as a surrogate for detecting the formation of reactive oxygen species (19) . Furthermore, lipid peroxides can cause DNA damage (20) . Confluent 175 cm 2 flasks of MCF-10A cells were treated with 5, 10, 50, 100 μM of PhIP for 24 h to determine that PhIP causes the production of (ROS). Furthermore, confluent 175 cm 2 flasks of MCF-10A cells were treated with 50 and 100 μM of DAS in combination with 100 μM of PhIP to determine if DAS will prevent the production of lipid peroxides. DMSO (0.1%) served as a vehicle control. Cells were removed from the flask using trypsin (0.5%) and centrifuged at 800 x g. The pelleted cells were rinsed with 2 ml of cold PBS and pelleted. The pelleted cells were resuspended in 10 ml of methanol/H 2 O (2:0.8) (V:V). To extract the lipids, 3 ml of chloroform was added to the samples and vortexed for 30 sec. The samples were allowed to sit at room temperature until the organic and aqueous phases separated (about 5 min). The chloroform layer containing the lipids were collected and the samples were extracted a second time with 3 ml of chloroform. The chloroform layers containing the lipids were combined and concentrated by evaporation. A PeroxiDetect kit (Sigma) was used to detect lipid hydroperoxides using a methanolic reagent containing xylenol orange and butylated hydroxytoluene. The oxidized lipids were quantified by measuring the absorption at 560 nm and compared to a standard curve generated using 0-8 nmoles of butylated hydroxytoluene. The nmoles of peroxides in each of the samples were determined and normalized and expressed as nmoles/10 6 cells.
Statistical analysis.
All biochemical measurements were performed in triplicate. Analysis of variance (one-way ANOVA) followed by Tukey's post hoc multiple comparison tests were performed. Significant differences were set at p<0.05.
Comet assay analysis.
To determine the extent of DNA strand breaks, cells were cultured in 25 cm 2 cell culture flask. Confluent cells were treated with PhIP (100 μM), DAS (100 μM) and/or a combination of DAS/PhIP (100 μM) for 3, 6, 9, and 24 h. DMSO (0.1%) served as a vehicle control. Cells were harvested by treating with trypsin (0.5%) for 10 min and centrifuging at 800 x g. The pelleted cells were suspended in 2 ml of ice cold PBS. One hundred microliters of resuspended cells (~5,000 cells) from each treatment was added to 900 μl low melting point agarose (0.75%). Frosted microscope slides were coated with 100 μl normal melting point agarose. These slides were coated with 100 μl of low melting point agarose containing treated cells. After solidification on ice, the slides were placed in ice cold lysis buffer (10 mM Tris Base, 100 mM Na 2 EDTA, 2.5 M NaCl, and 0.1% Triton X-100; pH 10.0) for 2 h. After lysis, microscope slides were placed in alkaline electrophoresis buffer (300 mM NaOH, 1 mM EDTA; pH >13.5) for 30 min to allow the DNA to unwind. After unwinding, the slides were electrophoresed for 30 min at 280 A and 25 V in a cold room at 4˚C. The slides were neutralized with 400 mM Tris buffer pH 7.5 and placed in 100% ethanol for 5 min for dehydration. The slides were stained with 100 μl of propidium iodide (20 μg/ml). The slides were analyzed using a fluorescent microscope and the Kinetic Imaging Comet assay software. A total of 150 cell images were analyzed per sample using x40 magnification. The mean olive tail moment was the parameter used in this study.
Results
Lipid peroxidation. To determine if PhIP produces reactive oxygen species, we treated confluent 175 cm 2 flasks of MCF-10A cells with PhIP at concentrations of 0, 5, 10, 50 and 100 μM for 24 h. Concentrations of 50 and 100 μM of PhIP produced a dose-dependent increase in lipid peroxides, 50 and 70 nmoles/10 6 cells respectively. There was no significant increase of lipid peroxides at doses of 5 and 10 μM (Fig. 1) . In order to examine the effects of DAS on PhIP-induced lipid peroxidation, confluent cultures of MCF-10A cells were treated with DAS at concentrations of 50 and 100 μM in combination with PhIP (100 μM). Increasing concentrations of DAS (50 and 100 μM) decreased the production of lipid peroxides from 80 nmoles/10 6 cells, in PhIP in treated cells to 60 and 46 nmoles/10 6 cells, in cells treated with both PhIP (100 μM) and DAS (50 and 100 μM) respectively. This represents a 33 to 45% decrease in PhIP-induced lipid peroxidation (Fig. 2) . DAS did cause a slight but significant increase in lipid peroxidation. These data demonstrate that DAS can attenuate the production of lipid peroxides in a dose-dependent fashion.
Comet assay analysis. The Comet assay is frequently used to detect DNA strand breaks in individual cells. The mean olive tail moment or simply tail moment is used because it incorporates the amount of DNA that has been damaged with the size of the strands. The tail moment is defined as the product of the tail length and the fraction of total DNA in the tail. Tail moment incorporates a measure of both the smallest detectable size of migrating DNA (reflected in the comet tail length) and the number of relaxed/broken pieces; represented by the intensity of DNA in the tail (21) . Fig. 3 illustrates DNA strand breaks induced by PhIP (100 μM) and the inhibition of PhIP-induced DNA strand breaks by DAS (100 μM) in MCF-10A cells. Cells were dosed with PhIP at concentrations of 10, 50 and 100 μM at 37˚C for 6 h. PhIP caused a dose-dependent increase in the production of DNA strand breaks, with the average mean olive tail moments being 4, 8, and 13, respectively (Fig. 4) . DAS showed a dosedependent decrease in DNA strand breaks in cells treated with 100 μM of PhIP and different concentrations of DAS (0, 50 and 100 μM) the mean olive tail moments being 12.5, 7.5 and 4.0, respectively (Fig. 5) . We conducted a time-course experiment to determine the effects of time and DAS on PhIP-induced DNA strand breaks in MCF-10A cells. Cells were dosed with PhIP (100 μM), DAS (100 μM) and a combination of PhIP and DAS concentration for 3, 6, 9 and 24 h. PhIP-induced DNA strand breaks increased with time from 3 to 9 h, the mean olive tail moment being 5.0, 12 and 14, respectively. At the 24 h time point, the DNA strand breaks were significantly reduced having a mean olive tail moment of 5.0. At all time points, the DAS decreased the PhIP-induced DNA strand breaks significantly (Fig. 6) . We found that DAS reduced the number of DNA strand breaks below the level of the control.
Discussion
It is generally accepted that the first step in the bioactivation of PhIP (i.e., CYP1A2-catalyzed N-hydroxylation) occurs in the liver. N-OH-PhIP circulates from the liver to the breast where it can be conjugated with either a sulfate and/or acetyl group. The resulting sulfate or acetate conjugates serve as good leaving groups to generate reactive electrophiles that readily bind to DNA generating DNA adducts (22) . These adducts, if not repaired, form mutations which in turn lead to cancer.
Recently, we have demonstrated that cytochrome P450s (CYP1A1, CYP1A2, and CYP1B1) can be induced in MCF-10A cells and PhIP is indeed metabolized in MCF-10A cells to DNA-binding metabolites resulting in the formation of DNA adducts (23) Therefore, we propose that MCF-10A cells metabolize PhIP to N-OH-PhIP via CYP1A1, CYP1A2, and CYP1B1 to N-OH-PhIP which can be reduced to PhIP by cytochrome b5 reductase to produce ROS (10) . These ROS lead to DNA strand breaks.
In the current experiments, we have demonstrated that PhIP produces lipid peroxides, which are indicative of the production of ROS in normal breast epithelial cells. An increased production of ROS has been implicated in the induction of cancer, Parkinsons and Alzheimers (24) . ROS causes various types of DNA damage including DNA strand breaks and oxidized bases (20, 25) . Our data suggest that ROS are generated by PhIP which implies that ROS may play a role in PhIP-induced breast cancer.
We have also shown that DAS inhibits PhIP-induced lipid peroxidation. DAS itself causes some lipid peroxidation, however, the mechanism of this is unclear. It is known that DAS is oxidized to diallyl sulfoxide and diallyl sulfone (26, 27) . We hypothesize that these metabolites may be detected as lipid peroxides. These metabolites do not appear to cause DNA strand breaks because DAS alone, did not cause any strand breaks in this study. Both diallyl sulfoxide and diallyl sulfone have been shown to inhibit the activity of cytochrome P450s and presumably cytochrome b5 reductase (26, 27) . We have previously shown that diallyl sulfide inhibits the redox-cycling of diethylstilbestrol in mammary microsomes, mitochondria and nuclei isolated from female ACI rats (28) . Redox cycling is mediated by the oxidation of xenobiotics via cytochrome P450 1A1 and/or 1A2 and reduction is mediated via cytochrome b5 reductase (10) . Therefore, the inhibition of both oxidation and reduction reactions would implicate an inhibition of both cytochrome P450s and cytochrome b5 reductase.
We have demonstrated that PhIP (100 μM) causes a timedependent increase in the production of DNA strand breaks up to 9 h. This is expected because PhIP is first metabolized to N-OH-PhIP and the reduction of N-OH-PhIP is required to produce the ROS that causes the DNA strand breaks. Previously, we have shown that PhIP induces CYPs (1A1, 1A2 and 1B1) in a time-dependent fashion up to 6 h, after which the expression decreases (23) . Presumably, the decline in DNA strand breaks at 24 h occurs due to DNA repair. DAS inhibited the PhIP-induced DNA strand breaks at all time points possibly by inhibiting the cytochrome P450 and cytochrome b5 reductase. Interestingly, DAS inhibited the production of DNA strand breaks below the level of the control. Normal oxidative processes produce ROS that could cause DNA strand breaks (29) . This implies that DAS protects DNA from the normal oxidative damage that results from day to day metabolic processes. Furthermore, DAS may play a role in preventing the cellular changes related to aging that results from oxidative damage (30, 31) . DAS has been shown to induce the expression of glutathione S transferase and superoxide dismutase (15, 16) . The induction of these enzymes may explain why there are fewer strand breaks in the DAS-treated cells compared to the controls.
We have demonstrated for the first time that PhIP significantly causes the formation of lipid peroxides and DNA strand breaks in normal breast epithelial cells, and that the production of lipid peroxides and DNA strand breaks can be attenuated by diallyl sulfide. These data suggest that diallyl sulfide may be used in the chemoprevention of PhIPinduced breast cancer. Further studies are on-going to assess the chemopreventive properties of DAS.
